A diaphragm pacing system utilizing epimysial electrodes placed on the abdominal surface of the dog diaphragm was tested for safety, reliability and function. The electrodes were implanted laparoscopically at the point where the phrenic nerve enters the muscle. The phrenic nerve entry point was located using a vacuum delivery device (VDD) to temporarily secure the electrodes onto the muscle during test stimulation. Sixteen electrodes were implanted in four dogs and each dog was tested biweekly for three months. We achieved tidal volumes 174% (+/-12% s.d) of the volume required for full time ventilation without fatigue. Electrical activation of the diaphragm using the epimysial electrodes proved to be a safe and reliable method for full time ventilation without fatigue.
Introduction
Ventilation by electrical stimulation of the phrenic nerves (diaphragm pacing) is an accepted treatment method for chronic ventilatory insufficiency. Electrical stimulation of the phrenic nerves was initially investigated by Sarnoff in the late 1940's [l] . Glenn [21 made diaphragm pacing a clinical reality in the 1960's and his technique has since been modified by Thoma [3] 
Methods
An epimysial electrode was designed and fabricated for laparoscopic implant on the abdominal surface of the diaphragm. We designed a robust connection between the lead wire and the electrode to prevent mechanical failure during long term diaphragm pacing. In addition, we placed the stimulating surface in a well to prevent corrosion caused by high current density at the surface edges.
A laparoscopic instrument set was designed and fabricated to implant the electrode. Components of the instrument set include a Lethered VDD and a manipulating tool (Figure 1) . The VDD consists of a housing to carry the electrode and a pair of vacuum ports that allow the electrode to be temporarily held against the diaphragm surface. The manipulating tool has a ball head hexagonal wrench end that fits into a hexagonal slot on the VDD. A tether extends from the slot on the VDD through the center of the manipulating tool for control by the surgeon. The manipulating tool is used U) place the VDD at stimdus test sites. After the vacuum is applied, the manipulating tool is released from the VDD to allow diaphragm motion during test stimulation. The VDD was used to hold the electrode in contact with the diaphragm during testing of each site. The proper implant location was assumed to be the site producing maximal contraction with a low current stimulus. The electrode was then permanently fixed to the djaphragm using a pair of staples and the VDD was removed.
Chronic stimulation was initiated two weeks after surgery. The dogs were stimulated 22 hours per day (12bpm, 20H.2, ILOmA, 1.0s inspiratory time) for the duration of the study. Stimulation was withheld 24 hours before and after pulmonary function tests and during hardware failures.
Dogs were tested for pulmonary function every two weeks. The dogs were anesthetized, placed in the supine position, and hyperventilated to apnea. Biphasic current pulses were applied at 2-20mA. 8 4 H z with a pulse width of lUOus and a 1.5s inspiratory time. Airflow was measured using a Fleisch pnuemotachometer and digitally sampled at 0-7803-1377-1/93 $3.00 01993 IEEE 2OOHz. The airflow signal was integrated using Simpson's
Rule to obtain a value for tidal volume. The relations beween current and tidal volume and between fiequency and tidal volume were recorded.
Three months after implant the diaphragm muscle was removed with the electrode intact The muscle was fixed in formalin and the phrenic nerve branches were labeled with a radio opaque suture where they entered the muscle on the thoracic side of the diaphragm. Radiographs were taken of the diaphragm and the distances between the elecrrodes and phrenic nerve branches were measured. 
Discussion
It is generally accepted that a diaphragm pacer must fully activate the diaphragm to achieve clinical function. When using epimysial electrodes placed on the diaphragm, the location of the electrcde was the most important factor in determining pulmonary function. Although the VDD used in this study allowed for test stimulation at multiple candidate implant sites, the visual assessment of diaphragm contraction did not result in electrodes placed at the exact point where the phrenic nerves entered the muscle. A technique for quantitating muscle activation at the time of etectrode implant is needed.
There was no evidence of mechanical or electrochemical electrode failure. However, changes in the activation of the diaphragm were observed. These changes may be attributed U, the flexing of the electrode away from the diaphragm when the muscle contracts. Design modifications will be made in the future lo compensate for this effect
